Complete sticking at low incidence energies and broad angular scattering distributions at higher energies are often observed in molecular beam experiments on gas-surface systems which feature a deep chemisorption well and lack early reaction barriers. Although CO binds strongly on Ru(0001), scattering is characterized by rather narrow angular distributions and sticking is incomplete even at low incidence energies. We perform molecular dynamics simulations, accounting for phononic (and electronic) energy loss channels, on a potential energy surface based on first principles electronic structure calculations that reproduce the molecular beam experiments. We demonstrate that the mentioned unusual behavior is a consequence of a very strong rotational anisotropy in the moleculesurface interaction potential. Beyond the interpretation of scattering phenomena, we also discuss implications of our results for the recently proposed role of a precursor state for the desorption and scattering of CO from ruthenium.
Complete sticking at low incidence energies and broad angular scattering distributions at higher energies are often observed in molecular beam experiments on gas-surface systems which feature a deep chemisorption well and lack early reaction barriers. Although CO binds strongly on Ru(0001), scattering is characterized by rather narrow angular distributions and sticking is incomplete even at low incidence energies. We perform molecular dynamics simulations, accounting for phononic (and electronic) energy loss channels, on a potential energy surface based on first principles electronic structure calculations that reproduce the molecular beam experiments. We demonstrate that the mentioned unusual behavior is a consequence of a very strong rotational anisotropy in the moleculesurface interaction potential. Beyond the interpretation of scattering phenomena, we also discuss implications of our results for the recently proposed role of a precursor state for the desorption and scattering of CO from ruthenium.
Small gas molecules interacting with metal surfaces are of great interest due to their relevance in heterogeneous catalysis. Specifically, the understanding of the interaction of CO with transition metal surfaces is crucial for two catalytic reactions: the oxidation of CO in car exhaust catalytic converters and the Fischer-Tropsch process. Since ruthenium is the most efficient catalyst for the latter reaction [1] , it is not a surprise that the CO/Ru(0001) system has been the subject of several experimental studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In particular, it has been well established that CO on Ru(0001) binds on a top site vertical to the surface, with the C atom oriented towards the surface [14] and with a large chemisorption energy of E ads =1.65 eV [15] .
Molecular beam (MB) experiments have a long standing tradition in surface science and are used to reveal microscopic details about reaction parameters and the potential energy surface (PES) [17] . Theory is crucial in interpreting experiments by providing information on reactive structures, PES topologies and real-time dynamics. In this work, we address the dynamics of CO scattering from Ru(0001), for which not yet fully understood MB experiments were performed [18] [19] [20] [21] . There, high sticking probabilities (close to unity) were determined at low incidence beam energies, and a small dependence of the sticking probability on the surface temperature T (for T ∈ [85, 385] K) was found. These observations are evidence for the presence of a deep chemisorption well directly accessible from vacuum without passing an activation barrier. However, experimental results that are still hard to reconcile with the established picture of a highly exothermic, non-activated adsorption process were also obtained: Sticking was incomplete even at very low incidence energies and, at higher incidence energies, the angular-resolved scattering distributions were found to be surprisingly narrow. These untypical experimental findings have up to now remained unexplained. In what follows, we first briefly discuss why these results were considered as "puzzling" by the experimentalists [20] . Subsequently, we present results obtained by molecular dynamics (MD) simulations that reproduce most of the experimental data. Our simulations are carried out on a PES which is based on periodic density functional theory (DFT) calculations, and also incorporate energy dissipation which is crucial in the description of the observed sticking and scattering phenomena. We will show that the strong rotational anisotropy of the CO/Ru(0001) PES determines the distinct reaction features and that the accurate evaluation of the scattering process on a microscopic level renders the concept of a precursor state proposed in Ref. [4] moot for the chemisorption process. Hence, our work demonstrates the importance of state-of-the-art electronic structure methods and converged, multidimensional dissipative dynamics simulations for the understanding of reactive and non-reactive scattering on catalytic surfaces.
The simplest, but often relatively accurate, model to obtain the translational energy loss of a molecule colliding with a surface is the modified Baule model [22] treating the collision in the hard sphere limit. In its modified version the kinetic energy added to the molecule moving down the adsorption well is also taken into account. For a molecule with an incidence energy E i approaching a surface characterized by a temperature T , this model predicts the energy loss ∆ by
where E ads is the adsorption energy of the molecule on the surface, and µ is the ratio between the mass of the molecule and the (effective) mass of the surface. For the CO/Ru(0001) system, we obtain ∆ = 1.2 eV by setting the parameters to E i = 0.1 eV, T = 300 K, and µ = m CO /m Ru = 0.28. Apparently at these conditions the molecule does not have enough energy to escape from the surface after collision. In fact, the Baule model Eq.
(1) even suggests, by the condition ∆ ≤ E i , complete sticking for E i up to 3.5 eV. It is therefore unexpected that at the very low incidence energy of E i = 0.09 eV (and T < 300 K) around 5% of the CO molecules were observed to scatter from the Ru(0001) surface [18] [19] [20] . High sticking probabilities, but below unity, at low E i were also measured for CO scattering from other transition metal surfaces such as from Ir(110) [23] , Ni(100) [24] , Ni(111) [25] , Pt(111) [26] , and Pd(111) [27] . These observations either suggest the complete breakdown of the Baule model or, rather than this, they indicate the presence of an alternative mechanism that prevents CO from reaching the chemisorption well. Also surprising are the relatively narrow scattering angle distributions [with a full width at half maximum (FWHM) of 22
• ] experimentally determined for the CO/Ru(0001) system [20] . Indeed, much broader angular distributions are expected for a system featuring a deep potential well [28] . Scattering distributions are broad if molecules are first deflected toward the surface where they then scatter from locally repulsive walls and bounce to somewhat arbitrary directions. Some such systems are discussed in Ref. [29] . A particularly interesting example is the scattering of NO from Ru(0001) leading to a scattering distribution with a FWHM of 37
• , see Ref. [30] . Keeping in mind that NO and CO have similar adsorption energies on Ru(0001), the observed narrow width of the angular distribution found for the latter appears even more unusual.
With the aim of understanding these experimental results, we perform MD simulations on a recently developed PES [31, 32] , which accounts for all six degrees of freedom of the molecule relative to the surface. The PES is obtained using the corrugation reducing procedure [33] to interpolate around 90 000 DFT energy points calculated for different configurations of CO on Ru(0001). In this way, we have constructed an accurate PES, which can efficiently be used in large scale trajectory calculations. Details on the PES are reported in Refs. [31, 32] , but we mention that DFT calculations were carried out using the RPBE functional [34] with D2 [35] van der Waals correction, which yields E ads = 1.69 eV, close to the experimental value. In our calculations, we also allow for the possibility of energy transfer from the molecule to the surface via (i) excitation of surface atom motion and (ii) electron-hole pair excitations at the surface region. This is achieved by using the same theoretical approach as outlined in Refs. [32, [36] [37] [38] [39] [40] . Surface motion as well as surface temperature effects are described by using the generalized Langevin oscillator model (GLO) [41] [42] [43] . Energy dissipation due to electron-hole pair excitations is modeled by the local density friction approximation [44] . We note that for the results presented below the effect of electron-hole pair excitations is small while the molecule-phonon coupling is crucial. All GLO parameters are given in Ref. [32] where we have successfully modeled the laser induced desorption of CO from Ru(0001). In line with our previous work [45, 46] , the initial conditions other than the incidence energy and the angle of incidence (such as the orientation and the lateral position of the molecule) are sampled by a conventional Monte-Carlo procedure. For each incidence energy, we evaluate 5000 trajectories to obtain adsorption probabilities and 500 000 trajectories to obtain scattering distributions. Trajectories are propagated up to 12 ps.
The upper panel in Fig. 1 compares our computed sticking probability at normal incidence as a function of E i to corresponding molecular beam experiments of Kneitz et al. [18] and Riedmüller et al. [20] . We achieve quantitative agreement with experiments at low E i , indicating that our model is able to reproduce the relevant physics. At higher E i there are some differences between both experiments in the measured sticking coefficients. Since similar experimental set-ups were employed, the reason for the differences is not apparent to us. It is therefore satisfying that our results appear intermediate between the experimental curves. Note also the small dependence of the sticking probability on the surface temperature that is well reproduced by our calculations. For a given initial energy and angle of incidence, we find that the initial orientation θ i of the CO molecule relative to the surface is the most important initial condition to determine the outcome of the dynamics. We define θ i as the angle between the molecular axis and the surface normal with θ i = 0
• (θ i = 180
• ) describing the molecular orientation at which the Carbon (Oxygen) atom points toward the surface, as depicted in the lower panel of Fig. 1 . Also shown in Fig. 1 is the θ i distribution for adsorbed and scattered trajectories computed for E i = 0.1 eV. We conclude that molecules stick completely to the surface at values θ i < 120
• . Where we observe complete sticking, the sticking probability curve matches a • the probability for scattering increases and it is close to one for θ i near 180
• . This manifests the inability of O-down oriented molecules to reorient and to accommodate in the adsorption well where the C atom points to the surface leading to the observed diminished absolute sticking coefficient. As shown in the figure, due to geometrical reasons the number of molecules in the incident beam with this kind of orientations is anyway very small. On the other hand, at low energies, molecules assuming most probable orientations near θ i ≈ 90
• are able to efficiently reorient and to finally stick to the surface. These facts explain the observed large, but incomplete, sticking probabilities at low energies.
The results presented above can be rationalized by Fig. 2 where a two dimensional (2D) cut of the PES as a function of the molecular orientation θ and the molecule-surface distance Z is shown. For C-down orientations, i.e. small values of θ, there appears a deep chemisorption well located at Z ≈ 2.5Å. With increasing angle θ, however, the PES becomes more and more repulsive. While molecules approaching the surface with small values of θ are directly attracted to the chemisorption well, their sticking will depend on their ability to lose enough translational energy. That is easily achievable at low E i , as discussed above. A similar outcome is obtained for molecules initially aligned parallel to the surface (θ i ≈ 90
• ). As can be seen in the 2D plot of the PES, they experience considerable reorientation forces that push CO toward the adsorption minimum. However, the situation for initially O-down oriented molecules (θ i ≈ 180
• ) is different. part of the potential is hardly affected by changes of the orientation angle. The resulting reorientation forces are small and molecules scatter back to the gas phase, even at low values of E i . This demonstrates the importance of the rotational anisotropy of the interaction potential on sticking at different impact orientations of CO and explains the observed diminished sticking coefficients at low incidence energies.
In the following, we show how the rotational anisotropy also controls the narrow width of the scattering angle distributions, the second unusual feature of the CO/Ru(0001) system. In Fig. 3 , we compare scattering distributions obtained from our simulations with the experiments of Riedmüller et al. [20] . The experiments were performed for CO impinging with E i = 0.8 eV in the [1120] plane of incidence at an angle of incidence of α i = 60
• . The same conditions are applied to our simulations. We used the procedure presented in Ref. [38] to extract molecules that scatter in the plane of incidence. In the experiments, only the so-called directly scattered molecules were analyzed while the socalled trapped molecules were not considered. The two types of molecules were distinguished by two separate peaks in the time of flight (TOF) spectra. The left peak (shorter flight time -higher translational energy) was assigned to directly scattered molecules and the right peak (longer flight time -lower translational energy) to trapped molecules. As shown in the inset of Fig. 3 , our simulations also yield two peaks in the TOF spectrum. Since the experimental procedure used to differentiate between the molecules in the two peaks was not specified, we imply a cut-off as indicated by the vertical line in the inset of Fig. 3 , to distinguish both types of molecules. In Fig. 3 , experimental and calculated angular scattering distributions for directly scattered molecules are compared. In accordance with the experiments, we observe a narrow superspecular peak at α f ≈ 70
• (α f is the scattering angle measured from the surface normal) and only small effects of the surface temperature on the computed scattering distribution, here characterized by a FWHM of 27
• . As also depicted in the figure, trapped molecules scatter with a broad angular distribution which is expected for a system with a deep chemisorption well. We find that molecules initially O-down oriented contribute to the narrow peak, whereas molecules with initial Cdown and parallel orientations contribute to the broad peak. The experimental observations made on scattering can be explained as follows. A narrow scattering angular distribution is caused by early bounced molecules with initial O-down orientation which do not probe the corrugated chemisorption region of the PES. For the considered scattering conditions, the CO/Ru(0001) potential can be classified as being flat for parallel motions of CO. But it is the flatness of the PES for O-down orientations that keeps the corrugation low while CO can execute a concerted parallel + reorientation motion, see Fig. 2 . This is different to C-down (trapped) molecules which form broad distributions. The decorrugation effect on the concerted motion might also explain the narrow scattering distributions found for other CO+metal systems and its absence may lead to the observed broad distributions in the case of NO which also features an anisotropic interaction [47] . The small shift to the superspecular direction comes from the fact that O-down molecules mainly transfer the Z-component of their momentum to the surface.
Riedmüller et al. [20] also measured the energy loss of directly scattered molecules as a function of the scattering angle. For completeness, in Fig. 4 we provide a comparison between the measured and calculated results on angular-resolved ratios of final to initial translational energy obtained at two different incidence angles α i . Our results are in quantitative agreement with experiments, except for two points measured at T = 273 K and small angles α f of 50
There, experimental scattering intensities are small (see Fig. 3 ) which can increase the experimental uncertainty. The achieved good agreement between theory and experiment highlights the credibility of the applied methodology and approximations. This is remarkable in view of recent advancements representing a big step forward in the description of surface atom motion [48, 49] .
This gives us now the opportunity to also comment on recent femtosecond laser excitation / X-ray detection experiments performed on the system [4, 12] . There, it was suggested that transient CO dwell in an outer physisorbed precursor state separated from a chemisorption state due to the occurrence of an entropy barrier. In appendix B of our previous work [32] , we provide arguments which rule out its proposed nature, i.e., the entropy bar-rier. Although discussed in other CO scattering experiments [50] , we here do not find indications for a precursor state on Ru(0001) since both, trapped and directly scattered molecules, exhibit similarly short contact times with the surface. For trapped molecules, however, the energy loss is larger explaining the TOF data presented above. It seems therefore unlikely that a precursor state exists under the assumed ideal conditions (zero-coverage, perfectly flat surface). Other precursor mechanisms such as molecule-molecule interactions inherently present at finite coverages might need to be adduced to explain the observed desorption phenomena. The different preconditions existing in desorption and scattering experiments also question the subtly notion put forward in Ref. [4] that observations on precursor states made in one experiment warrant conclusions about their presence and nature in the other.
In summary, by performing molecular dynamics simulations with a six-dimensional PES based on DFT calculations, we have been able to quantitatively reproduce experimental results on sticking and scattering for the CO/Ru(0001) system that have previously been regarded as puzzling [20] . As such were considered the measured narrow angular distributions of the scattered molecules, and the large but incomplete sticking probabilities measured at low incidence energies. Our study provides a microscopical elucidation of these results and shows that all experimental observations can be rationalized in terms of the strong rotational anisotropy appearing in the CO/Ru(0001) interaction potential. Our work demonstrates that in general multidimensional, statistically converged dynamics performed on an accurate PES and a realistic treatment of energy loss channels are needed to unravel important details about experimental gas-surface scattering data.
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